Introduction
One of the most important components of developmental programs is the progression of cells from pluripotent precursors through various stages of dierentiation and arrested growth, leading to terminal dierentiation and the wide spectrum of cell types of the fully developed organism. The totipotent cells of the inner cell mass of the blastocyst are the earliest progenitor cells which ultimately give rise to all the cell types in the adult. The study of the dierentiation of embryonal stem cells or embryonal carcinoma cells can serve as a model for the earliest dierentiation events which occur during development. These cells can also serve as a paradigm to better understand the general mechanisms underlying dierentiation and the control of cell growth.
The P19 EC cell line was derived from a teratocarcinoma which arose as a result of the transplantation of an embryo into the testicular capsule of a syngeneic mouse . These cells are potentially totipotent, and can contribute to all tissues if injected into blastocysts (Rossant and McBurney, 1982) . In vitro, P19 cells can give rise to cells of all three germ layers, depending on treatment Rudnicki and McBurney, 1987) . Aggregation combined with high (10 76 M) concentrations of retinoic acid (RA) gives rise to neuroectodermal derivatives (glial cells and neurons). In contrast, aggregation in the presence of lower concentrations of RA or of dimethylsulfoxide (DMSO) leads to mesodermal derivatives (cardiac and skeletal muscle) and endoderm (Rudnicki and McBurney, 1987) . The P19 cell-line has been widely used as a paradigm to study the molecular mechanisms of dierentiation and early development.
A number of early response genes have been shown to be dierentially expressed during the early stages of dierentiation of EC cells. In some cases expression is upregulated, such as in the case of the proto-oncogene transcription factors c-fos and c-jun (both shown to eect the state of dierentiation of the cells (DeGroot et al., 1990; Muller and Wagner, 1984) . And in others expression is down-regulated, as is the case for the octamer-binding protein Oct-3. (Okamoto et al., 1990) .
Expression of the early response zinc-®nger transcription factor Krox24 (also known as egr1, zif268, NGFI-A) is also regulated during dierentiation of P19 cells (Lanoix et al., 1991) . Krox24 was originally identi®ed as a growth response gene in ®broblasts and B-cells (Lemaire et al., 1988; Seyfert et al., 1990; Sukhatme et al., 1988) . Expression of Krox24 is induced during dierentiation of myeloid cells, nerve and bone (Bernstein et al., 1991; Milbrandt, 1987; Suva et al., 1991) . Krox24, like the closely-related Krox20, is a nuclear DNA-binding protein which speci®cally recognizes the sequence 5'-GCG(T/G)GGGCG-3' and can trans-activate promoters containing the appropriate cognate site (Lemaire et al., 1988 (Lemaire et al., , 1990 . Promoters containing active binding/transcription sites for egr1/ Krox24 include those of the thymidine kinase (Molnar et al., 1994) , tumor necrosis factor (Kramer et al., 1994) , both chains of PDGF (Khachigian et al., 1995 (Khachigian et al., , 1996 , II-2 (Skerka et al., 1995) , synapsins (Petersohn et al., 1995; Thiel et al., 1994) , TGF-b1 (Khachigian et al., 1996) , MDR1 (McCoy et al., 1995) , and Tissue Factor (Cui et al., 1996) genes. The DNA-binding domain of Krox24 is almost identical to that of Krox20 (Lemaire et al., 1988) and contains several zinc-®nger motifs of the KruÈ ppel type (Lemaire et al., 1988 (Lemaire et al., , 1990 . Human egr1 is located in a region of chromosome 5 that is often deleted in patients suering from secondary acute myeloid leukemia (Sukhatme et al., 1988) . Egr1 has been shown to be essential and determinant for macrophage dierentiation (Krishnaraju et al., 1995; Nguyen et al., 1993) .
The exact role of Krox24 as a dierentiation`switch' is not clear. This is particularly the case in view of recent results showing that mice homozygous for null mutations of the Krox24 gene are viable and develop relatively normally (Lee et al., 1995; Topilko et al., 1998) .
We and others have previously shown that Krox24 expression is induced very early during the differentiation of P19 cells (Lanoix et al., 1991; Darland et al., 1991; Edwards et al., 1991) . Here we report that expression of Krox24 is sucient for the dierentiation of P19 EC cells. P19 cells that ectopically express Krox24 displayed varied phenotypes and expressed dierent patterns of dierentiation markers, indicating that Krox24 can cause these cells to dierentiate along multiple pathways. In contrast, dominant negative mutants of Krox24 blocked dierentiation of P19 cells. These results clearly underline a role for Krox24 in the molecular cascade leading to pluripotent dierentiation.
Results

Krox24 can function as an activator of transcription in P19 cells
Before proceeding to study the eect of manipulation of Krox24 expression in P19 cells we tested the transcriptional activity of the Krox24 protein in this cell line. To this end we carried out transient transfection assays using the constructs shown in Figure 1a . The reporter construct consisted of the CAT gene under the control of the tk-promoter with one copy of the Krox binding-site inserted upstream at position 7122. The expression constructs contained the entire Krox24 cDNA or deletions thereof inserted into PGK-J driven by the strong PGK promoter. DKrox24 is deleted for amino acids 271 ± 364, which removes an essential part of the zinc-®nger region (Gashler and Sukhatme, 1995) . The resulting protein will not bind DNA (Carman and Monroe, 1995; Zhao and Skup, unpublished) . DKroxzf retains essentially only the zinc-®nger domain (see Materials and methods). Thus the two constructs are complementary, with the ®rst expected to compete for activator proteins, co-factors or homo-dimerization, and the second to compete for DNA-binding.
When transiently transfected into P19 cells, the reporter construct displayed a low level of activity when co-transfected with the PGK-vector without any insert, which remained unchanged when co-transfected with either the DKrox or DKroxzf mutants (Figure 2a and b, left hand section). Co-transfection of 100 ng of PGK-Krox24 led to a 3.5-fold increase in CAT activity (Figure 2a and b, right hand section). The increase in CAT activity was progressively abolished by increasing amounts of either PGK-DKrox and PGK-DKroxzf (Figure 2a and b, right hand section). These results indicated that Krox24 can act as an activator of transcription in P19 cells. They also indicate that both DKrox and DKroxzf act in a dominant negative fashion to inhibit Krox24 transcriptional activity. This corroborates the results of Carman et al. (1995) who found that a mutant very similar to DKrox also acts as a dominant negative inhibitor of Krox24 transcriptional activity. The fact that the basal levels of transcription from the reporter construct are not aected by the dominant negative mutants may indicate the presence of an additional`Krox-like' activity in P19 cells.
Transfection of Krox24 into P19 cells results in the appearance of diverse dierentiated phenotypes
The rapid induction of the expression of Krox24 in P19 cells (Lanoix et al., 1991) and its capacity to activate transcription in this system, led to the question of the nature of the role of Krox24 in the dierentiation of these cells. To address this, constructs pMexNeo, pMexNeoKrox24 and pMexNeoKrox20, containing the entire coding sequence of Krox24 and Krox20 respectively, as depicted in Figure 1b , were stably transfected into P19 EC cells. The Krox24 and Krox20 cDNAs were under the control of the MSV LTR which is not a strong promoter in EC cells (Prince and Rigby, 1991) . The pMexNeo vector alone was used as a control. Following selection with G418, populations were examined for morphology. The pMexNeoKrox24-transfected population contained very few EC-like colonies, and presented a remarkable number of cells with dierentiated morphologies. Numerous cells with neuron-, muscle ®ber-and ®broblast-like morphologies Figure 1 Constructs used for transfections. For detailed description see Materials and methods and text. PGK-Krox24 contains the Krox24 cDNA under the control of the strong PGKpromoter; in PGK-DKrox the region of the cDNA corresponding to aa 271 ± 364 has been removed, inactivating the zinc-®nger region; PGK-DKroxzf contains the region corresponding to the entire zinc-®nger region. pMexNeo constructs contain the Krox24 or Krox20 cDNAs under the control of the MSV LTR as well as islets of contracting cardiac muscle reminiscent of what is observed in cultures resulting from treatment of aggregates with DMSO were observed. In addition, epithelial-like sheets and many unde®ned but clearly non-EC cells were observed ( Figure 6 shows examples of some of the cell types obtained). This was in marked contrast to the vector and pMexNeoKrox20 transfected populations which maintained an essentially EC-like morphology. In spite of a high level of colonies with dierentiated morphology in pMexNeoKrox24-transfected population, the overall number of colonies as compared to controls was not signi®cantly dierent ( Figure 3) .
In view of the apparent dierentiated nature of the pMexNeoKrox24 transfected population we examined the expression of an antigen which is speci®c for the undierentiated state of EC-cells. This antigen, known as SSEA-1 is a cell surface marker of undierentiated cells in culture and in early embryos (Solter and Knowles, 1978) . Representative results are shown in Table 1 ), indicating that they remained predominantly undierentiated. In contrast, the Krox24 transfected populations revealed the presence of very few SSEA-1 positive EC-like cells ( Figure 3 , bottom right, quantitated in Table 1 ).
We next examined the expression of markers speci®c for the two major dierentiation pathways of P19 cells: mesodermal (myosin heavy chain, Figure 4A ) and neuroectodermal (neuro®lament, Figure 4B ). Vectortransfected populations contained very few positive cells for either marker (representative ®elds in Figure  4A ,b and B,b), whereas colonies containing positive cells could be readily found in the pMexNeoKrox24-transfected population (examples are presented in Figure 4A ,d and B,d). In addition, numerous colonies positive for an additional ectodermal marker, Wnt1 and the endodermal marker EndoA (cytokeratin 8) were observed in the pMexNeoKrox24 but not the vector or pMexNeoKrox20 populations (not shown).
Quantitative analysis of colonies containing cells positive for the various markers is presented in Table  1 . In the pMexNeoKrox24 transfected populations, only 5% of colonies were SSEA-1 positive, as opposed to 490% in control populations. Thirty-two per cent of colonies in the pMexNeoKrox24 populations expressed neuro®lament; 21% expressed muscle myosin; 23% expressed Wnt1, and 27% expressed EndoA. In control populations, the portion of colonies expressing these markers varied from undetectable to 1% for Wnt1, up to 6 ± 9% for EndoA, with 2% of colonies positive for neuro®lament and up to 4% for muscle myosin. Although some variation in the exact numbers of colonies positive for the dierent markers could be observed, pMexNeoKrox24 transfected populations consistently presented few SSEA-1 positive cells, and signi®cant numbers of marker positive colonies through multiple repetitions of the experiment. In order to extend our analysis of the expression of dierentiation speci®c genes and to con®rm that the pMexNeoKrox24 population contained cells of varied tissue type, we performed Northern blot analysis of RNAs from the various transfected populations. A typical Northern blot of the RNA from the transfected populations is shown in Figure 5 . There is no expression of Oct-3, a marker of undierentiated cells (Okamoto et al., 1990) in the pMexNeoKrox24 population. The same population expressed the mRNAs encoding NF-M (neuro®lament), Brachyury T (a mesodermal marker: Vidricaire et al., 1994) , Int-1 (Wnt1, another marker of neuroectodermal cells; Schuuring et al., 1989; St-Arnaud et al., 1989) , RARb (a general marker for dierentiated derivatives in this system; Pratt et al., 1990) , and endogenous Krox24 (a marker of all dierentiated cells in this system; Lanoix et al., 1991) ( Figure 5 ). All of these markers are normally expressed in various dierentiated derivatives of P19 cells. In contrast, P19 cells or cell populations transfected with the vector alone or with Krox20 expressed the Oct-3 mRNA but did not express any of the dierentiation markers. Similar results were obtained consistently with multiple transfected populations.
The sum of the results described above shows that constitutive expression of pMexNeoKrox24 in P19 cells was sucient to induce spontaneous dierentiation of these cells into a variety of cell types without any obvious preference for a speci®c pathway. The failure of Krox20 to produce the same result indicates that this eect is speci®c to Krox24. In order to reinforce the conclusions obtained by studying the transfected populations, a number of individual colonies were randomly picked from the SSEA-1 negative Krox24 transfected population for further characterization by immuno¯uorescence and Northern blotting of RNA. Colonies were also picked from the vector-transfected population to serve as controls. These clones were examined for morphology, and expression of markers similarly to the analysis performed with the uncloned populations. The results are summarized in Table 2 . Clones from the vector population looked and behaved entirely like undifferentiated P19 cells: they had normal EC-cell morphology, were SSEA-1 positive and presented the expected spectrum of mRNA expression (see Table 2 ). On the other hand, clones from the pMexNeoKrox24-population, most of which continued to proliferate, were nevertheless SSEA-1 negative (with the exception of clone 3A which contained some SSEA-1 positive cells in early passage that were later eliminated) and showed non-EC morphology ( Figure 6 ). The expression patterns of markers in the individual clones, as determined by immuno¯uorescence, RNA analysis or both, varied from clone to clone (Table 2) .
Expression of Krox24 in clones
To determine whether the degree and type of dierentiation of the Krox24-transfected clones was a consequence of Krox24 expression levels, we carried out Northern analysis using a probe that could detect both the transgene and the endogenous mRNAs. Transgene expression levels (the faster migrating band in Figure 7) were quite low in some clones (3a,3e), and even undetectable in others (4b;4g). In contrast levels of expression of the endogenous Krox24 mRNA were up-regulated to dierent extents in all clones tested (slower migrating band indicated as`Krox24' in Figure  7 ). This is not surprising, since fully dierentiated cultures in this system express high levels of Krox24 mRNA (Lanoix et al., 1991; Darland et al., 1991; Edwards et al., 1991) . The lowest level of endogenous Krox24 expression was found in clone 3A which, because of its EC-like morphology and early SSEA-1 expression, can be considered to be poorly differentiated. In contrast to undierentiated P19 cells and the vector transfected population, all the Krox24 transfected clones expressed the Krox24 protein, as indicated on the Western blot in Figure 8 . However levels varied widely, and there was no correlation between the level of expression and the degree and type of dierentiation observed. The lack of a good correlation between mRNA and protein levels may re¯ect dierent parameters of post-transcriptional regulation in the various clones, which present very dierent phenotypes.
Transfection of dominant-negative mutants of Krox24 blocks dierentiation of P19 cells
To assess the eect of the dominant negative mutants on dierentiation, P19 cells were stably transfected with constructs PGK-V, PGK-DKrox24 and PGKDKrox24zf (Figure 1a ). Plasmid PGK-puro was cotransfected to allow selection with puromycin. Following selection, cultures maintained a predominantly EC cell-like morphology, although in all the populations some colonies containing cells which did not resemble EC cells could be observed. Northern blot analysis showed that all the populations expressed the appropriate forms of exogenous Krox24 mRNA (data not shown). The undierentiated nature of these populations was con®rmed by SSEA-1 analysis (data not shown).
The degree of dierentiation and the dierentiation potential of the various populations was evaluated using the colony dierentiation assay described by us and others (Belhumeur et al., 1993; Berg and McBurney, 1990) . This simple and rapid method has been shown to accurately assess the dierentiation potential of stem cell populations; Belhumeur et al., 1993; Berg and McBurney, 1990) . The results are presented in Figure 9 . As expected, the vector population was mainly undierentiated and was able to dierentiate normally, with results comparable to those of non-transfected P19 cells. Both the PGKDKrox and PGK-DKroxzf transfected populations showed an increased level of spontaneous differentiation compared to untransfected and vector transfected cells. This may be due to either functions retained by the mutant proteins or competition for other proteins involved in maintaining the undierentiated state. However the populations of cells transfected with either mutant dierentiated poorly in the presence of RA indicating that cells which were not spontaneously dierentiated were refractory to dierentiation by retinoic acid. Thus the dominant negative mutants of Krox24 block dierentiation of the P19 cells, at least in response to RA. This result was con®rmed by analysis of several dierentiation markers in the populations Figure 7 Expression of Krox24 mRNA in selected clones. 15 mg of total RNA from the various cell lines were loaded. Probes were labeled by random-priming and exposed to ®lm overnight. The blot was stripped and re-probed for b-actin as a loading control. EC: undierentiated P19 cells; V: pMexNeo vector-transfected population; the other numbers correspond to various clones from the pMexNeoKrox24 transfected population.`Krox24' indicates the position of the endogenous transcript (Table 3 ). In addition, dierentiation following aggregation in conjunction with treatment with either RA or DMSO was blocked (summarized in Table 3 ). Results were the same for both the DKrox and the DKroxzf populations: SSEA-1 and Oct-3 expression were maintained following treatment and activation of the appropriate markers did not occur. In spite of the low level of spontaneous dierentiation observed in the colony assay with these populations, marker analysis showed them to be essentially identical to the control populations. Similar results in terms of the inability to dierentiate in the colony assay and of marker expression were obtained with individual clones picked from the populations (data not shown).
Discussion
In this report we have addressed the potential role of Krox24, a zinc-®nger transcription factor, in the dierentiation of P19 embryonal carcinoma cells. Our rationale was based on the fact that transcription of Krox24 is very rapidly induced (within 30 min) when P19 cells are induced to dierentiate (Lanoix et al., 1991) . In addition, Krox24 is an early response gene and is expressed in a number of dierentiating systems (Bernstein et al., 1991; Krishnaraju et al., 1995; Lemaire et al., 1988; Milbrandt, 1987; Nguyen et al., 1993; Sukhatme et al., 1988; Suva et al., 1991) .
We ®rst examined the transcriptional activity of Krox24 in P19 cells. Our results showed that Krox24 can act as a transcriptional activator in these cells. When a Krox24 expressing construct was transfected, a CAT reporter under the control of a Krox24 (and Krox20) binding site was activated. We also found that complementary deletion mutants, containing in the one case all Krox24 sequences except part of the DNAbinding domain, or in the second the DNA-binding domain alone, both repressed transcriptional activation by Krox24 in a dose-dependent fashion. The fact that both mutants have a very similar eect indicates that both the DNA-binding and other regions of the Krox24 molecule are necessary for activation by this factor.
Ectopic expression of the Krox24 gene gave rise to spontaneously dierentiated derivatives of P19 cells that expressed dierent patterns of dierentiation markers, including markers for mesoderm (muscle myosin, a-actin, Brachury T), neuro-ectoderm (neuro®lament, Wnt1) and endoderm (endoA/cytokeratin 8), in addition to endogenous Krox24 and RARb. Expression of SSEA-1 and Oct-3 (markers of undifferentiated cells) was abolished. Thus, contrary to a more restricted role of Krox24 in the dierentiation of hematopoietic precursors along a single pathway (Krishnaraju et al., 1995; Nguyen et al., 1993) , Krox24 induces P19 cells to dierentiate along a variety of pathways. This multiplicity could be due to some form of heterogeneity of the original P19 population. It may also be that the P19 cells contain dierent types or dierent levels of speci®c co-factors required for dierentiation along dierent lineages.
The endogenous Krox24 gene was invariably expressed in dierentiated clones (Figures 4, 5, 7 and 8) . Expression of the transfected mRNA was low or undetectable. It is very likely that at least part of the eect of the transgene is due to activation of the endogenous gene which contains Krox24 binding sites. Once the activation has occurred, continuous expression of the exogenous Krox24 may not be required. Low levels of expression of Krox24 were found to be sucient to cause dierentiation of P19 EC cells.
The question of whether or not dierentiation in these experiments is a direct eect of early expression of the exogenous Krox24 or of activation of the endogenous genes cannot be fully resolved at this time. However examination of the normal expression pattern of Krox24 in dierentiating P19 can provide a clue: The gene is very rapidly activated. Expression then drops o to return at very high levels in fully dierentiated cultures. The expression of Krox24 in this fashion becomes a marker for fully dierentiated cells. Thus the expression of Krox24 in dierentiated clones is unlikely to be relevant to the onset of dierentiation.
The DNA-binding domain of Krox20 is almost identical to that of Krox24 (Lemaire et al., 1988) and both factors have also been shown to bind to the same cognate sequence (Lemaire et al., 1990) , nevertheless, Krox20 cannot replace Krox24 in this assay. Two explanations come to mind: ®rst, although their DNAbinding regions are very similar, their speci®city in the context of entire promoters may dier. Krox20 is strongly postulated to be a speci®c activator of HoxB4 for example (Sham et al., 1993) . It is unknown whether or not Krox24 can activate this gene. However Krox24 does not provide a`redundant' function in Krox20 null mutants, as the latter have distinct phenotypes consistent with the loss of Krox20 function (Levi et al., 1996; Schneider ± Maunoury et al., 1993) . The second possibility is that the speci®city lies outside of the DNA-binding region, where the two proteins are very dissimilar (Lemaire et al., 1988) . Again, speci®c interactions with co-factors could be involved. No clear data on whether or not Krox24 acts as a homodimer has been reported. If this were the case, this could be another potential level of action of the DKrox mutant.
The data presented here indicate that, besides being sucient to cause dierentiation of P19 cells Krox24 expression is also necessary for this process. Complementary dominant negative mutants of Krox24 block the ability of P19 cells to dierentiate. This is in apparent contrast to the results of the group of Milbrandt (Lee et al., 1995 (Lee et al., , 1996 who showed that Krox24-null ES cells dierentiated normally and that homozygote null mice were normal except for female sterility caused by a de®ciency of luteinizing hormone. In contrast to these results, Topilko et al. (1998) report that mice homozygous for a dierent introduced mutation were undersized, with pronounced defects of the pituitary and ovaries and sterility of both sexes. The authors propose that in the work of Lee et al. a protein expressing the C-terminal domain of Krox24/ egr1 may be produced, partially explaining the dierences in phenotype. Such allelic dierences may explain the apparent contradiction between our in vitro results and those obtained with mutant mice. In addition, it is important to remember that in contrast to null mutations the dominant negative mutants can in a sense be regarded as gain of function mutants. Examples of dierent phenotypes for null and dominant negative mutants can be found in the literature. For example, null mutations for RARb are viable, and show no signi®cant phenotype. However transgenic mice which express a dominant negative form of the receptor present tumors in multiple tissues (BeÂ rard et al., 1994) . It is also possible that the dominant negative mutants have a wider spectrum of action, and that they also inhibit other members of the egr family, which are at least in part redundant for function with Krox24. In this case, the eect of the dominant-negative mutant may in fact not be mediated by Krox24 but by another member of the egr family. In addition, the relatively mild phenotype of the Krox24 mutant mice does not necessarily rule out a role for this gene in development. Many cases of mild phenotypes for important genes have been reported. This is often due to partial functional redundancy within gene families. Once again the RARs can present an example: single knock-outs of these genes develop normally and are fully viable (Luo et al., 1995; Mendelsohn et al., 1994) , whereas in combinations with mutations in other RAR isoforms much more severe eects are obtained (Lohnes et al., 1994; Mendelsohn et al., 1994b) clearly indicating that the functions of one receptor can at least in part be replaced by another. Another example is that of MyoD/Myf5 (Rudnicki et al., 1993) where a compensatory mechanism allows for normal development of null mutants. Krox24 is a member of a multi-gene family, and it is possible that another family member takes over essential functions in the context of the null embryo.
Thus, the Krox24 gene plays a crucial role in the pluripotent dierentiation cascade of EC cells. The close resemblance of these cells to those of the inner cell mass of early blastocysts raises the question as to whether Krox24 also plays a role in very early events during development. The limited phenotype of Krox24 null mice does not necessarily rule this out, since activation of functionally redundant genes can occur in the null environment. Levels of Krox24 expression, quite low at early times, increase dramatically later during dierentiation indicating that Krox24 may play a dierent role at dierent times and may be involved in the dierentiation and establishment of dierent lineages. The dierent roles of Krox24 may involve activation of gene expression during early stages of dierentiation followed by repression at later times. Alternatively, or concomitantly, changes in the levels or nature of speci®c cofactors may also contribute to the activation or repression of dierent sets of genes.
Materials and methods
Cells and culture conditions
P19 cells were grown as described (Rudnicki and McBurney, 1987) . Treatment with RA in monolayer or by aggregation with RA or DMSO was also according to Rudnicki and McBurney (1987) . The colony assay used to quantitate dierentiation capacity was performed as described by Belhumeur et al. (1993) . Essentially, 10 4 P19 cells were plated onto 6-cm-diameter petri dishes and allowed to adhere. After adherence, RA (all trans; Kodak) was added to a ®nal concentration of 3610 77 M. After 4 h, the medium containing RA was removed and replaced with standard growth medium. Four days later cultures werè scored' visually as morphologically dierentiated or undierentiated. Values presented are averages of several experiments, done with triplicate counts of at least 1500 colonies per count. The validity of this simple method has been con®rmed by marker analysis (Belhumeur et al., 1993; Berg and McBurney, 1990) .
Preparation and analysis of RNA
Cytoplasmic and poly(A) + RNA were prepared as described in Lanoix et al. (1991) , as was Northern analysis. Relative expression levels were determined by densitometry of multiple exposures with GADPH or bactin used as loading controls. In some cases (Figure 4 , parts of Tables 2 and 3), detection of speci®c mRNAs was done using the Boeringher Mannheim DIG non-radioactive system.
Transfections
Stable transfections were done with Lipofectin (Gibco ± BRL) according to the instructions of the manufacturer. Selection was with 400 mg/ml of G-418 (pMexNeo) or 2 mg/ml of puromycin (PGK-puro). Transient transfections were carried out by the calcium-phosphate method. In all cases 10 mg of reporter plasmid were cotransfected with 2 mg of PGK-vector or with the appropriate amount of the PGK-Krox24, -DKrox24 or -DKrox24zf constructs with enough PGK-vector to complete the 2 mg. Cells were harvested at 48 h and CAT levels were assayed according to Sambrook et al. (1989) . Transfections were standardized by co-transfection of 2 mg of RSV-bgal. Constructs pMexNeoKrox24 and pMexNeoKrox20 were obtained by inserting cDNAs containing the entire coding regions of Krox24 and Krox20 into the EcoRI site of pMexNeo (Martin-Zanca et al., 1989) .
PGK-constructs were prepared as follows:
PGK-Krox24: The insert was removed from pMexNeoKrox24 and inserted into the EcoRI site of PGK-J. DKrox: The deletion was prepared by digesting PGK-Krox24 with Xmn1 and religating. This removes the section corresponding to a.a. 271 ± 364, corresponding to an essential part of the zinc ®nger region. DKroxzf: Oligonucleotides corresponding to amino acids 210 ± 216 and 325 ± 332 (inclusive) were prepared. The 5'-oligonucleotide also had the sequence 3'-GGG ATG-3' to provide a site for translational initiation, an EcoRI site and a BamHI site. The 3'-oligonucleotide had an EcoRI and a XbaI site. The oligonucleotides were used to amplify the zinc-®nger region from pMexNeoKrox24. The resulting fragment was cloned into BamHI ± XbaI digested PKJ-1. The construct was sequenced to assure that the insert was correct and in frame. GC-CAT: The double-stranded oligonucleotide with the sequence 5'-ATGCGGGGGCGTA-3' was cloned into a SacI site at7122 of the vector pTE, by blunt-end ligation.
The construct was sequenced to determine copy number and orientation of the insert.
Antibodies MC-480 (anti SSEA-1; Solter and Knowles, 1978) and TROMA-1 (anti cytokeratin EndoA/keratin 8; Brulet et al., 1980) were both purchased from the Developmental Studies Hybridoma Bank. MF20 (anti myosin heavy chain; Bader et al., 1982) was kindly provided by Dr MW McBurney. Anti neuro®lament antibody was purchased from Boeringher Mannheim. Anti Int-1 (Wnt1) is described by Papko (1989) and St-Arnaud and Moir (1993) and was provided by R St Arnaud with the permission of J Papko.
The anti Krox24 antibody is described in Herdegen et al. (1991) and was obtained in the lab of RB.
Immuno¯uorescence and Western Blotting
For immuno¯uorescence, cells were grown or deposited on cover slips. Following two washes with PBS they were ®xed with two 5 min treatments with methanol at 7208C, and again washed twice with cold PBS. Fixed cultures were blocked with 3% BSA for 15 min at room temperature, and incubated with the corresponding antibody in 3% BSA (in PBS) at 378C for 1 h. They were then washed ®ve times with PBS and incubated with the corresponding conjugated second antibody for 1 h at 378C. Following washing, the slides were mounted with 50% glycerol. Controls were either using non-immune serum or a ®rst incubation with no antibody. For Western blotting 50 mg of nuclear extract prepared by the method of Dignam et al. (1983) from each clone was separated on SDS ± PAGE and transferred to nitrocellulose. The membrane was saturated with 0.2 ml/cm 2 of blocking buer 5% non-fat powdered milk, 0.02% sodium azide, 150 mM NaCl, 50 mM Tris-HCl pH 7.4) for 1 h at 378C. The membrane was then incubated with a 1/4000 dilution of the anti Krox24 antibody in the same buer for 90 min at 378C. Following four washes with blocking buer, the membrane was incubated with 10 6 c.p.m. of 125 I-labeled second antibody in the same buer for 60 min at 378C followed by a series of washes in the same buer.
